Background
Results
The geometric mean (geometric standard deviation) of BLLs was 16.2 (1.78) μg/L for all participants. All the studied MTHFR alleles were in Hardy-Weinberg equilibrium. Multiple-linear regression analysis revealed the following results. Among the pregnant women, those that carried MTHFR 677CC (i.e. wild-genotype homozygote) and 1298CC (i.e. mutant-genotype homozygote) exhibited higher BLLs than those that carried 677CT/TT (standardized β = 0.074, P = 0.042) and 1298AC/AA (standardized β = 0.077, P = 0.035) when other covariates (e.g., age, no. of children, education and income, etc.) were adjusted. The BLLs of Introduction known mechanisms, such as increasing osteoclast activity, decreasing osteoblast activity, and direct action of Hcy on the bone matrix; hence Hcy is an independent risk factor of bone loss and low bone mineral density (BMD) [31, 32] . In addition, an increased Hcy level is a strong and independent risk factor for osteoporotic fractures in older men and women [33] . Therefore, as an important genetic factor related to Hcy levels, MTHFR gene polymorphisms may affect BMD. However, recent findings on postmenopausal women present conflicting conclusions. Several studies demonstrated that MTHFR 677TT is a risk factor for low BMD, whereas other research reported that the C677T polymorphism is not significantly related to BMD [34, 35, 36, 37] .
Considering these studies and the evidence collected, we conducted a cross-sectional study to explore the potential relationship of BLLs with MTHFR gene C677T, A1298C, and G1793A polymorphisms among pregnant and non-pregnant women in Wuhan City, China. Other socio-demographic factors related to the BLLs of women were also studied.
Materials and Methods

Ethics Statement
Our research has been approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology (IORG0003571). All participants were given the option to receive or reject the investigation, and written informed consent was obtained from each participant prior to the research.
Study Population and Data Collection
The participants of this study included pregnant and non-pregnant women who were randomly selected and recruited during their routine prenatal or physical examination at the Wuhan Women and Children Medical Care Center from July to October in 2012. A complete explanation of our research and the requirements for potential participants were informed via a publicity board at the beginning of the research. Women living in Wuhan for at least 5 years and without previous or present contact to occupational lead exposure were regarded as target population. Women were excluded if they had any of the following diseases: osteoporosis, hyperthyroidism, diabetes, gestational diabetes, gestational hypertension, and other else diseases that affect BLLs and bone metabolism rate, and other adverse pregnancy complications. Women with a history of acute lead poisoning were also excluded. The participants were finally enrolled using random numbers provided by a computer. All participants were generally healthy. The included pregnant women had single pregnancies and were in their first (i.e., gestation of less than 12 weeks), second (i.e., gestation of 13 to 27 weeks), or third (i.e., gestation of 28 weeks until delivery) trimester.
A total of 1,000 participants, including 250 pregnant women in the first, second, and third trimesters and 250 non-pregnant women, were enrolled in the study. However, 27 participants were excluded because of their inability to provide blood samples. Finally, 973 eligible participants (i.e., 234, 249, and 248 pregnant women in the first, second, and third trimesters, respectively, and 242 non-pregnant women) were included in the research.
Questionnaires were used to collect the following socio-demographic characteristics: (e. 
Blood Sample Collection and Lead Measurement
Venous whole blood samples were collected from all participants with 5ml of vacuum EDTA anticoagulant blood tubes. All blood samples were stored at −80°C until laboratory analysis. Lead concentration in whole blood was measured using a graphite furnace atomic absorption spectrometer (SpctrAA-240FS, Varian Inc., USA). The lead standard (GBW08619) was purchased from the National Institute of Metrology, China. BLLs were expressed in μg/L. The detection limit of BLLs was 0.5μg/L, and no participant exhibited BLL values lower than the detection limit. All samples were measured in duplicates. The relative standard deviation (RSD) of the precision test was 3.9%-5.7% (n = 7), and the recovery of standard addition was 90%-105%.
DNA Extraction and Genotyping Assay
DNA was extracted from blood cells by using a genomic DNA extraction kit (TIANGEN Biotech Co. Ltd., Beijing, China). The extraction yielded an average of 20-40 μg DNA/ml whole blood. The extracted DNA was quantified with a nucleotide analyzer (ND-1000, Thermo Fisher Scientific Inc., USA). The DNA samples were adjusted with Tris-EDTA buffer, partitioned into samples, and then stored at −80°C until genotyping. The C677T (rs1801133), A1298C (rs1801131), and G1793A (rs4846049) SNPs of the MTHFRC gene were genotyped with a TaqMan platform and an ABI-7900 real-time PCR instrument (ABI Company, USA). For quality assurance, 10% of random sample was re-analyzed and checked for discrepancies. In this study, all samples with adequate blood volume were successfully genotyped.
Statistical Analysis
EpiData 3.0 was used to manage all data. Data analysis was conducted using SPSS (version 17.0). Statistical significance was considered at P < 0.05. BLLs were not normally distributed (by using the Kolmogorov-Smirnov test) and were logarithmically transformed and presented through geometric mean (GM) and geometric standard deviation (GSD). Generally, chi-square test was used to analyze enumeration data, whereas one-way ANOVA and non-parametric tests (e.g., Kruscal-Wallis H test and Mann-Whitney U test in case of heterogeneity of variance) were used to compare the BLLs of various groups. Multiple-linear regression modeling with backward selection was also performed to explore the potential relationship of pregnant BLLs to the studied MTHFR SNPs and to other related factors, such as socio-demographics and reproduction history. In the multiple-linear regression analysis, the logarithmically transformed BLLs were regarded as dependent variables. All the data used for present statistical analyses are showed in S1 Table. Results
Socio-Demographic Characteristics and BLLs of All Participants
The general description of the socio-demographic characteristics and BLLs of all participants are shown in Table 1 . A total of 973 participants were finally included in this research; 27 participants were excluded because of their inability to provide blood samples. The studied women were aged 17-41 years with an arithmetic mean (SD) of 27.80 (3.54) years. The mean Table 1 . Socio-demographic characteristics (n) and blood lead levels of all participants. 82) μg/L for pregnant and non-pregnant women, respectively; their differences were significant (t = 7.40, P < 0.001). The pregnant women in the first trimester exhibited higher BLLs than those in the second (Z = 7.568, P < 0.001,) and third (Z = 9.124, P < 0.001) trimesters. With other covariates not adjusted, the BLLs were significantly lower in the pregnant women of second (Z = 7.594, P < 0.001) and third (Z = 8.825, P < 0.001) trimesters than in the non-pregnant women. No significant differences in BLLs were observed between the pregnant women of first trimester and non-pregnant women (Z = 1.211, P = 0.226) as well as between the pregnant women of the second and third trimesters (Z = 1.554, P = 0.120).
Distribution of MTHFR Gene Polymorphisms among all Participants
The frequencies of the C677T, A1298C, and G1793A polymorphisms of the MTHFR gene among the pregnant and non-pregnant participants are shown in Table 2 . Accordingly, the frequencies (percentages) of these MTHFR gene polymorphisms were as follows: (1) 677CC (65.3%), 677CT (31.4%), and 677TT (3.3%); (2) 1298AA (35.1%), 1298AC (49.6%), and 1298CC (15.2%); and (3) 1793GG (76.2%), 1793GA (20.6%), and 1793AA (3.2%). No significant differences in the MTHFR gene polymorphisms were found between the pregnant and non-pregnant women. All the studied MTHFR alleles were in Hardy-Weinberg equilibrium.
The BLLs classified on the basis of the three MTHFR gene SNPs for all participants are shown in Table 3 . No significant differences in BLLs were observed between the pregnant and non-pregnant women carrying various MTHFR gene SNPs. 
Relationships of BLLs with MTHFR Gene Polymorphisms and other Related Factors
To further reveal the potential relationship of BLLs to the studied MTHFR gene polymorphisms and to other related factors, we conducted multiple-linear regression analysis. The results are presented in Tables 4-6 . Table 4 illustrates the regression results of the factors related to the BLLs all participants. The BLLs were not associated with the studied MTHFR SNPs among all participants. Compared with the MTHFR 677CT/TT carriers, the MTHFR 677CC mutant-type homozygote carriers exhibited higher BLLs during pregnancy (standardized β = 0.074, P = 0.042). The results are shown in Table 5 . The MTHFR 1298CC mutant-type homozygote carriers were more susceptible to high BLLs during pregnancy than the 1298AA/AC carriers, with a standardized β of 0.077 (P = 0.035). Other factors, including no. of children, education, income, current BMI, gestational trimester, and age, also affected the BLLs of the women during pregnancy. After controlling other covariates, the pregnant women in the second and third trimesters demonstrated lower BLLs than the non-pregnant women (both P < 0.001). The BLLs of the pregnant women increased and peaked in the first trimester and then decreased in the second and third trimesters. The BLLs positively correlated with the current BMI (standard β of approximately 0.086-0.096, P < 0.05). The pregnant women with low socio-economic status (SES) were susceptible to accumulating higher BLLs. The pregnant women who gave birth to at least one child had lower BLLs than those who did not (standard β of approximately 0.106-0.108, P < 0.05 for all participants and the pregnant subgroup).
Discussion
All participants exhibited BLLs lower than the level of concern (i.e., 100μg/L) recommended by the U.S. CDC in 1991 [38] . With the cessation of lead-based gasoline, the BLLs of the Chinese Table 6 . Results of multiple-linear regression analysis on the relationship of blood lead levels with the MTHFR A1298C polymorphism and other related factors during pregnancy. population significantly decrease [39] . Other reports showed that the mean BLLs of pregnant women decrease in Wuhan [40] and are lower than the reported mean (i.e., 51.3μg/L) of the Chinese population in 2001-2011 [41] . In the present study, the BLLs of the pregnant women were lower than those of non-pregnant women. According to the results of multiple-linear regression analysis, the BLLs were increased and peaked in the first trimester of pregnancy and then decreased in the second and third trimesters. Our findings are similar to the results of Tellez-Rojo et al. [42] but differ from those of other studies, which demonstrated a gradually increasing trend or U-shape distribution of BLLs during pregnancy [10, 43] . Tellez-Rojo et al. [42] found that pregnant women with low bone lead and bone resorption show decreased lead levels in the plasma and blood during pregnancy. Their results suggest that the small amount of lead released from the bone of women with low lead burden and bone mobilization is compensated by the increase in plasma volume, thereby apparently reducing BLLs. By contrast, the lead levels in the plasma and blood of women with high bone lead burden and bone resorption increase during pregnancy; the high contribution of bone lead release results in a higher possibility to overcome 45%-50% increase in plasma volume [42, 44] . Therefore, we speculated that both bone lead release and plasma increase during pregnancy are the principal causes of the changes in blood lead among the environmentally lead-exposed pregnant women in Wuhan, China.
Considering the present evidence that MTHFR gene polymorphisms are related to bone mineral loss, which is an important endogenous lead source during pregnancy, we assumed that MTHFR gene polymorphisms are potentially related to the BLLs of pregnant women. Our research revealed that the frequencies (percentages) of the MTHFR gene C677T, A1298C, and G1793A polymorphisms were in Hardy-Weinberg equilibrium and were similar to the reported frequencies of the three common SNPs in the MTHFR gene [17, 18, 19, 20, 32, 45] . In this article, the BLLs of the pregnant women were associated with MTHFR A1298C and C677T polymorphisms but not with the MTHFR G1793A polymorphism. After adjusting other covariates, such as age, education, income, and BMI, the 1298CC mutant-type homozygote carriers possibly exhibited higher BLLs than the 1298AC/AA carriers among the pregnant women. The relationship of BLLs with A1298C polymorphism may be explained by the reduced MTHFR enzyme activity and the consequential elevated Hcy. Chia et al. [46] and Schafer et al. [47] reported that tHcy is positively associated with BLLs among lead-exposed participants in Vietnam and Singapore as well as among general old adults in America, respectively. However the 677CC carriers whose MTHFR enzyme activity levels were supposed to be higher than the 677CT/TT carriers exhibited significantly higher BLLs among the studied women. This finding should be further investigated. The MTHFR C677T polymorphism is associated with a slight increase in tHcy [48, 49] , but participants with the TT genotype exhibit normal tHcy if their folate status is optimal [50] . Thus far, the effect of the MTHFR haplotypes on tHcy concentrations has not been extensively studied.
The interactions of MTHFR gene polymorphisms with folate intake were also explored, but no significant results were obtained. The un-quantified folate in the participants' plasma restricted the analysis.
In this study, the BLLs of pregnant and non-pregnant women were also associated with other factors, such as age, education, income, current BMI, and no. of children. Our findings suggest that the women with low SES are susceptible to lead exposure as confirmed by other reports [1] . Bone lead obliterated by pregnancy-and/or lactation-stimulated bone lead resorptioin may be the possible reason for the comparably lower BLLs among women who gave birth to at least one child [51, 52, 53, 54] . Moreover, BLLs positively correlated with current BMI among the studied women, which was also confirmed by Jedrychowski et al. [55] and Polanska et al. [56] . This positive association may be determined by the total caloric or dietary fat intake.
Based on a study performed on preschool children, Lucas et al. [57] speculated that the bile secreted into the gastrointestinal tract to aid in the digestion and absorption of fat may increase lead absorption.
The present research has several main limitations. First, our study was based on a cross-sectional design rather than a prospective cohort. The pregnant women in the three trimesters were randomly recruited. The non-pregnant women were also collected as a representative of the non-pregnancy controls. However, only the female residents living in Wuhan City for at least 5 years were considered in our study. These residents were similar in diet construct and living environment. Therefore, we assumed that the pregnant women and non-pregnant women were comparable. Moreover, the statistical method of multiple-linear regression analysis can be performed to reveal the relationships of the determined factors and BLLs with controlled potential covariates. Second, the sample size of our study was not large. Third, all participants were from Wuhan and were exposed to low-level environmental lead. Prudence is required when applying the conclusions from our research to different study populations. Future studies with a large sample size and based on cohort population with lead exposure at various levels should be performed to further determine the association of maternal BLLs with MTHFR gene polymorphisms and with other factors during pregnancy.
Conclusions
The BLLs of pregnant women exposed to low-level environmental lead are associated with the C677T and A1298C polymorphisms of the MTHFR gene. The MTHFR 677CC (i.e., wild-genotype homozygote) and 1298CC (i.e., mutant-genotype homozygote) carriers are more susceptible to elevated blood lead levels than the 677TT/CT and 1298AA/AC carriers. Apparently, the BLLs of pregnant women in the second and third trimesters consistently decrease. Furthermore, pregnant women with low socio-economic status are more susceptible to acquire high BLLs.
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